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Abstract: This study evaluated the suitability of femtosecond
laser for microtexturizing cylindrical zirconia dental implants
surface. Sixty-six cylindrical zirconia implants were used and
divided into three groups: Control group (with no laser modi-
fication), Group A (microgropored texture), and Group B
(microgrooved texture). Scanning electron microscopy obser-
vation of microgeometries revealed minimal collateral dam-
age of the original surface surrounding the treated areas.
Optical interferometric profilometry showed that ultrafast
laser ablation increased surface roughness (Ra, Rq, Rz, and Rt)
significantly for both textured patterns from 1.2 to 6-fold
when compared with the control group (p < 0.005). With
regard to chemical composition, microanalysis revealed a
significant decrease of the relative content of contaminants
like carbon (Control 19.7% 6 0.8% > Group B 8.4% 6 0.42%
> Group A 1.6% 6 0.35%) and aluminum (Control 4.3% 6
0.9% > Group B 2.3% 6 0.3% > Group A 1.16% 6 0.2%) in
the laser-treated surfaces (p < 0.005). X-ray diffraction and
Raman spectra analysis were carried out to investigate any
change in the crystalline structure induced by laser process-
ing. The original predominant tetragonal phase of zirconia
was preserved, whereas the traces of monoclinic phase pres-
ent in the treated surfaces were reduced (Control 4.32% >
Group A 1.94% > Group B 1.72%) as the surfaces were proc-
essed with ultrashort laser pulses. We concluded that femto-
second laser microstructuring offers an interesting alternative
to conventional surface treatments of zirconia implants as a
result of its precision and minimal damage of the surround-
ing areas. VC 2010 Wiley Periodicals, Inc. J Biomed Mater Res Part B:
Appl Biomater 96B: 91–100, 2011.
Key Words: zirconia, dental implants, femtosecond laser, sur-
face roughness, X-ray diffraction, Raman analysis
INTRODUCTION
Recent advances in the development of high-mechanical
strength ceramics have made them attractive as new materi-
als for dental implants. Zirconium oxide partially stabilized
with yttrium (Y-TZP, yttrium-stabilized tetragonal zirconia
polycrystals) offers several advantages due to its high resist-
ance to fracture and flexural strength.1,2 Based on histologi-
cal examination, the zirconia has shown a good reaction to
connective tissue and bone,3–6 as well as excellent osseoin-
tegration observed in animal studies.2,7–11
To improve the biocompatibility and mechanical per-
formance of the zirconia implants, a number of surface
treatments have been recently applied. Among them, the
aggregation of hydroxyapatite12 or CaP13 nanolayers, Mg ion
implantation,14 sandblasting with aluminum oxide particles,
and simple etching with hydrochloric or hydrofluoric
acids.15,16 More recently, UV radiation was used to increase
the hydrophilic properties of the zirconia surfaces.17
Physical and chemical microtexturizing techniques cur-
rently applied to dental implants produce various surface
geometries and differing degrees of surface roughness. How-
ever, most of them are quite tricky procedures,18 and the
final result is difficult to control.19 Additionally, they require
special laboratory conditions, and they sometimes demand
special conditions including contaminant-free working areas
and are usually restricted to conductive materials.20,21
As far as zirconia is concerned, electrical techniques are
precluded, and acid or alkaline-etching techniques do not
give rise to high-surface roughness levels, because the origi-
nal material is manufactured using high-isostatic pressure
to make it resistant to chemical, physical, or wear
changes22.
The reason for these geometric, physical, or chemical
modification techniques is to enhance surface-cell inter-
actions and to stimulate cellular activity. The ultimate goal
is to improve osseointegration and the bone-to-implant
interface strength and resistance for long-term functional
loading.23
Femtosecond laser microtexturing increases surface
roughness, reduces the presence of residual elements, and
the resulting surface retains it characteristics permanently.
It is also a technique that has much potential for automa-
tion and therefore reproducibility.24
Laser sources have been used in the past to microstruc-
ture zirconia surfaces. In the 1990s, Minamizato25 processed
flat zirconia surfaces with pulsed Nd:YAG lasers to drill
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500-lm diameter holes through a thickness of 2 mm at the
intraosseous portion of laminar zirconia implants. He
reported the presence of a layer of molten and resolidified
zirconia around the holes as well as cracks all along the
walls and the vicinity of the crater. A CO2 laser was also
used on laminar zirconia surfaces to enhance the polar com-
ponent of the surface energy26 and thus increase wettability
and adhesion of hFOB 19 osteoblasts27,28.
There are few studies describing the application of fem-
tosecond laser pulses to microstructuring zirconia dental
implants. Focusing on dental zirconia, microgrooves were
created on the surface of Y-TZP crowns to aid dental bond-
ing,29 whereas dental crowns were manufactured by laser
microstructuring of hot-isostatically pressed zirconia.30
A recent study by Stübinger et al.31 has compared the
effects of Er:YAG, CO2, and diode lasers on the surfaces of
zirconia polycristal disks. At different intensities, CO2 and
Er:YAG lasers produce undesirable effects on the surface
such as microcracks, pits, and melting of the material. On
the other hand, diode laser was unable to bring about any
surface alteration.31
There are no references to microstructuring techniques
with femtosecond laser on cylindrical zirconia dental
implant surfaces. However, ablation with femtosecond laser
pulses is a potential candidate to become a useful tool for
microstructuring implant surfaces essentially because of its
precision and the small thermal load on the material.
The main goal of this study was to generate high-quality
microstructures (grooves and pores) on the surface of cylin-
drical zirconia dental implants by means of ultrafast laser
ablation. At the same time, we were interested in the
description and analysis of the modified surfaces to evaluate
their potential to improve implant performance. Scanning
electron microscopy (SEM) helped to evaluate the morphol-
ogy of the surfaces. The changes in the surface roughness
were quantified by means of noncontact optical interfero-
metric profilometry. SEM elemental microanalysis allowed
us to evaluate the changes in the chemical composition of
the surface while phase changes after laser processing were
assessed by means of X-ray diffraction and Raman spectros-
copy analysis.
MATERIALS AND METHODS






GMBH & Co. KG,
Senden, Germany) zirconium dioxide implants of 4-mm di-
ameter and 8-mm length were used; these were manufac-
tured using high-pressure sintering of tetragonal zirconium
oxide polycrystals stabilized with 3% molar ratio yttrium
oxide at temperatures in the range of 1173–2370C. After-
ward, the implants undergo surface sandblasting with alu-
minum oxide particles.
The implants were divided into three groups: Control—
twenty-two implants not subjected to laser treatment;
Group A—twenty-two implants treated with femtosecond
laser pulses to create pores 30-lm diameter, 70-lm pitch;
Group B: twenty-two implants treated with femtosecond
laser pulses to create grooves with 30-lm wide and 70-lm
pitch (Figure 2).
Laser-microstructuring devices
A commercial Ti:Sapphire oscillator (Tsunami, Spectra
Physics) and a regenerative amplifier system (Spitfire, Spec-
tra Physics) based on chirped pulsed amplification were
used for microstructuring. The system delivers 120 fs line-
arly polarized pulses at 795 nm with a repetition rate of 1
kHz. The transverse mode was TEM00, and the beam width
was 9 mm (1/e2 criterion). Pulse energy can reach a maxi-
mum of 1.1 mJ and is reduced by means of neutral filters
and a half wave plate and polarizer system to generate the
most suitable fluences on the surface of the material for
producing ablation with minimal damage to the surrounding
area.
The laser pulses travel through air to the focusing sys-
tem. This consisted of an achromatic doublet lens and an
off-axis imaging system (lens, beam splitters, and CCD Phi-
lips LucaV
R
cameras that allow the visualization of the proc-
essing area, facilitating implant positioning and beam focus-
ing. Implants were placed on a motorized platform with
three-axis motion, X, Y, and Z, controlled by Micos ES100V
R
software (Nanotec Electronic GMBH & Co., Munich, Ger-
many), so that laser pulses impinge perpendicularly to the
implant axis. The platform was mounted on an OWISV
R
rotat-
ing motorized base (Nanotec Electronic GMBH & Co.), con-
trolled by software that turned the base at speeds varying
between 0 and 30/s, allowing the whole periphery of the
implant to be texturized without altering focusing condi-
tions (Figure 3).
The outcomes of laser were monitored and controlled
using an Axio VisionV
R
Light Microscopy reflection optical
microscope (Carl ZeissV
R
, Göttingen Germany), with Axio
ImagerV
R
M1m software (Carl Zeiss). The lenses used were
high-resolution PLAN APO CS: 10, 20, 40, 60, and
100.
Optical interferometric profilometry
A Veeko NT 1100V
R
noncontact interferometric microscope
(Wyco Systems, New York, USA) was used to quantify statis-
tical surface roughness parameters Ra (average surface
roughness), Rq (root mean square roughness ), Rz (average
maximum height of the surface), and Rt (maximum height of
the surface).
Twenty-four zirconia implants (eight specimens by
group) were examined on the analysis platform making six
measurements with 20.7 magnification in VSI mode within
the area 2-mm high of the intraosseous portion of the
implant collar where laser processing was carried out. The
sampling areas were 227.2 lm  298.7 lm.
SEM: Surface characterization
A JEOL-6100 scanning electron microscope (SEM; Jeol, To-
kyo, Japan) was used to study surface topography. The
implants were degreased in ethanol solutions and desic-
cated with acetone. Finally, the implant surface was
92 DELGADO-RUÍZ ET AL. FEMTOSECOND LASER MICROSTRUCTURING OF ZIRCONIA DENTAL IMPLANTS
sputtered with gold palladium in the SCD 040 (Balzers
Union, Wallruf, Germany).
Twelve zirconia implants (four specimens by group)
were examined. The implants were labeled and distributed
radially on 4-cm diameter aluminum disks using adhesive
tape, with six implants per disk.
Observation parameters used were a focal distance of 32
mm, 20 kV, and 450, 1200, 3200, and up to 17,000
magnification.
SEM: Quantification of elements
Element analysis was carried out by energy dispersive X-ray
spectroscopy using an OXFORD INCA 300 system. All the
specimens were coated with a thin layer of conductive car-
bon in a sputter-coating unit (SCD 004 Sputter-Coater with
OCD 30 attachment, Bal-Tec, Vaduz, Liechtenstein). Twenty-
four zirconia implants (eight specimens by group) were ana-
lyzed. Elemental analysis was carried out in six microareas
of 30 lm  30 lm in the 2-mm area of the implant collar.
X-ray diffraction analysis
To examine the presence of the tetragonal and monoclinic
ZrO2 phases in the entire implant, three zirconia implants
(one specimen by group) were embedded in epoxy resin
and sectioned longitudinally using a microtome under con-
tinuous water-cooling.
The specimens were ground to a smooth surface using
SiC paper with up to 1200 grit size, polished with 3-lm dia-
mond paste and ultrasonically cleaned in a distilled water
bath for 3 min. Five sections by sample were studied in an
X-ray diffractometer (D8 Focus, Bruker AXS, Karlsruhe, Ger-
many). The counting time per step was 2 s. The monoclinic
phase fraction was calculated using the Garvie and Nichol-
son method.32
Raman spectrometry analysis
The cervical areas of control and laser processed implants
were also analyzed by Raman spectroscopy to identify the
distribution of tetragonal and monoclinic phases. We used a
DeltaNu portable Raman Spectrometer, Inspector model,
equipped with a NuScope microscope, an electrically refri-
gerated CCD camera and a diode laser at 785 nm as the ex-
citation source (120 mW laser).
The spectra were taken in the spectral range from 200
and 2000 cm1 with a resolution of 8 cm1, the final spec-
tra resulting from the accumulation of five successive
FIGURE 1. Distribution of the sample by groups and analytical techni-
ques used. [Color figure can be viewed in the online issue, which is
available at www.wileyonlinelibrary.com.]
FIGURE 2. (a) Extraosseous portion of 8mm, (b) 2-mm area that received
laser processing to generate grooves or pores, and (c) intraosseous por-
tion sandblasted by manufacturer. [Color figure can be viewed in the
online issue, which is available at www.wileyonlinelibrary.com.]
FIGURE 3. Drawing of the processing set-up. The laser beam is
directed to the processing platform. [Color figure can be viewed in
the online issue, which is available at www.wileyonlinelibrary.com.]
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individual measurements taken from the three zirconia
implants, one sample from each group.
Statistical analysis
Data obtained from optical interferometric profilometry and
elemental analysis, X-ray diffraction, and Raman spectros-
copy were entered into SPSS/PC version 15 software (li-
censed to the Murcia University).
Descriptive statistics (mean, median averages, standard
deviation, and standard error) were collated for the quanti-
tative variables Ra, Rq, Rz, and Rt, percentage in weight of
chemical elements for all groups, and phase fraction was
expressed in percentage.
To be sure of sample normality, the Kolmogorov–Smir-
nov test, the ANOVA test for independent variables, and the
Bonferroni test for comparing arithmetic means between
groups were applied. p < 0.005 was taken as significant.
RESULTS
Surface morphology
SEM images of the surface of the implants belonging to the
control group showed the characteristic rough surface of
the intraosseous portion edged by the polished surface of
the implant transmucous section. The laser processed speci-
mens exhibited two different surface structures. On one
hand, 20 parallel lines of pores of 30-lm diameter and 70-
lm pitch making a total number of 3780 pores. On the
other hand, 20 helical grooves of 30-lm wide, with 70-lm
pitch [Figure 4(a–c)].
Greater magnification of the control surfaces reveals
crests and valleys and areas with microcracks. [Figure 5(a–
c)]. Pores are circle-shaped with well-defined edges, and no
further damage becomes apparent in the surface between
pores. The grooves present uniform edges, and the regions
between grooves show a roughened surface resembling the
control surfaces. The inner surfaces of the pores exhibit
granular structures ranging from some tens nanometers to
some microns [Figure 5(d–f)]. Groove walls and bottom
exhibited granular structures in the range of 1–2 lm and
polycrystals with dimensions in the range of 5–6 lm [Figure
5(g–i)].
Further detail allows to appreciate these nanostructures
that can be estimated with greater accuracy to have sizes in
the range of 30–70 nm [Figure 6(a,b)].
Inside the grooves, we observe multiple polycrystal
structures fixed to the walls and made up of nanometric
crystal structures in the range of 50–100 nm [Figure
6(c,d)].
The grooves have a pyramidal section [Figure 7(a,b)],
whereas the pores have a conical one [Figure 7(c,d)].
Surface roughness
All statistical roughness parameters indicate a noticeable
increase of surface roughness as a result of laser modifica-
tion. The increment amounts to a factor of six for the
grooved surfaces and a factor of 1.2 for pored surfaces
when compared with the control group (Table I).
Elemental analysis
Table II shows the relative abundance of the main compo-
nents of the zirconia together with the percentage of con-
taminant elements (carbon and aluminum) for the three
groups of implants under investigation. The grooved and
pored surfaces exhibit larger proportion of zirconium and
FIGURE 4. SEM images comparing surfaces. (a) Zirconia control
implant, (b) zirconia pored surface, and (c) zirconia grooved surface
(160 magnification).
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oxygen than the control surfaces, whereas the presence of
carbon and aluminum remarkably diminishes.
X-ray diffraction analysis
Minimal phase transformation was observed both in the
control group and the laser-processed implants. The tetrago-
nal phase was observed to be prevalent with the monoclinic
phase present to a lesser extent. Monoclinic phase propor-
tion was lower in laser-treated implants (Table III).
Raman spectroscopy analysis
Raman spectra of the implants show that the tetragonal
phase is predominant both in the processed (red) and non-
processed areas (blue) of the cervical collar region (Figure
8).
DISCUSSION
As it was pointed out in the introduction, as far as we
know, this is the first time femtosecond laser pulses are
used to generate surface patterns on zirconia dental
implants. The characterization and evaluation of surface
roughness, chemistry, and structure of the modified
implants are mandatory.
From a biological point of view in this study, the dimen-
sions of the microstructures were selected a priori to opti-
mally guide osteoblast cellular growth. The implant collar
was selected as the microstructuring target, because this is
the region subjected to the strongest mechanical stress once
the implant is operative.33–39
Microstructuring increases the effective surface of the
implant and therefore helps to soften the stress in this
area.40–48 In our case, the increase was about 25% in the
case of groovy pattern and 15% in the pored surface. This
increase of the effective surface together with the remark-
able increase of the roughness resulting from the laser abla-
tion process (Table I) is the crucial issue that will favor me-
chanical retention and bone-implant interdigitation of
zirconia dental implants.
Previous works reporting processing with other conven-
tional techniques including other laser sources emphasize
FIGURE 5. (a, b, and c) Control surface with progressive magnification; (d, e, and f) pored surface with progressive magnification, and (g, h, and
i) grooved surface with progressive magnification.
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FIGURE 6. (a) Diameter of the pore decreases towards the interior giving a conical form; (b) arrows indicate the nanometer-size granules in the
pore walls; (c) crystalline micrometric structures of groove wall surfaces; (d) arrows indicate the nanometer-size crystals in the pore walls. [Color
figure can be viewed in the online issue, which is available at www.wileyonlinelibrary.com.]
FIGURE 7. (a and b) Groove’s inverted pyramid shape with truncated base; (c and d) Pore’s conical shape with truncated base. [Color figure can
be viewed in the online issue, which is available at www.wileyonlinelibrary.com.]
the collateral effects19,22,48 that could jeopardize the aim of
improving the biocompatibility and mechanical performance
of the zirconia implant.
Surface treatments often leave traces of contaminants as
a result of the physical or chemical processes the samples
undergo. Among them, oxides, metals, metal ions, lubricants,
detergents, or other specific chemical compounds. They can
alter substantially the surface properties even if their
amount is small, affecting the mechanical behavior of the
implant or compromising its biocompatibility.48
In this sense, ultrafast laser microstructuring is a really
clean technique as the results of elemental analysis have
demonstrated (Table II). Previous mechanical processing of
the implant provided the surfaces with a considerable con-
tent of aluminum and carbon. Because these impurities
were just located in the periphery of the implant, ablation
with femtosecond pulses removed most of them from the
microstructured regions.
Because of potential heating associated with conven-
tional lasers, it might be anticipated that crystalline phase
changes would be present in the surface or bulk of the
implant material. So far, one should expect this kind of
effects to be present in our experiments. The predominant
crystalline phase of zirconia in the implants under investiga-
tion is the tetragonal one. However, it was recently reported
by Zinelis et al.49 the presence of monoclinical phase in the
same model of commercial implant that they attribute to
the manufacturing process, specifically machining and grind-
ing steps. This presence was restricted to the implant sur-
face and was absent in the bulk. They based their conclu-
sions on the results of X-ray diffraction and Raman
spectroscopy analysis.
The analysis of X-ray diffraction and Raman spectra of
the laser microstructured regions allows to extract some
interesting conclusions. First, we can confirm the presence
of a fraction of monoclinic phase (Table III) in the control
group as it was reported in the aforementioned work of
Zinelis et al.49 More important, the fraction of monoclinic
phase in the microstructured regions is much smaller than
in the control group surfaces.
The explanation is twofold. On the one hand, the re-
moval of the surface layers to create microstructures 30–
50-lm deep means blowing up most of the monoclinic
phase produced during manufacturing of the implants. But
it also means that femtosecond laser ablation mechanism do
not induce phase transformations in the material surround-
ing the irradiated areas.
Raman spectra of the processed and raw surfaces hold
up these statements. In Figure 9, the peaks corresponding
to the predominant tetragonal phase at 639, 604, 463, 314,
and 268 cm150 are present both in the control and proc-
essed surfaces.
Unfortunately, many of the characteristic peaks of the
monoclinic phase are below the lower limit of our spectral
range. Nevertheless, other peaks corresponding to the
monoclinic phase are located within our spectral range49
and are absent. The only hint of the presence of monoclinic
phase is the knee in the spectrum of the control surface at
755 cm1. And this peak disappeared in the spectra corre-
sponding to the microstructured surfaces. The absence of
any peak corresponding to other than tetragonal phase in
the spectra of the processed areas supports both the re-
moval of the existing monoclinic phase as well as the negli-
gible effect of femtosecond laser ablation on the crystalline
structure of the regions limiting with the microstructures.
To understand why ultrafast laser processing is so
respectful with the properties of the material surrounding
the microstructured regions, it is compulsory to explain the
mechanism of interaction of these short pulses with matter
leading to ablation.51,52
Briefly, ultrafast laser ablation is based on the nonlinear
processes of light absorption and ionization unleashed by
the effect of irradiation with very short and intense pulses.
Focusing on dielectrics, within the duration of such a short
pulse, a thin layer on the surface of the material is almost
fully ionized. Because the electric transport properties of
TABLE I. Surface Roughness Parameters Ra, Rq, Rz, and Rt Expressed as Micrometer (Mean Averages 6 Standard Deviation)
Sample Ra (lm) Rq (lm) Rz (lm) Rt (lm)
Control (n ¼ 8) 1.58 6 0.6 2.02 6 0.43 15.8 6 0.5 23.63 6 0.32
Pores (Group A) (n ¼ 8) 2.43 6 0.6* 3.48 6 0.30* 40.42 6 0.25* 52.68 6 0.9*
Grooves (Group B) (n ¼ 8) 9.50 6 0.25* 11.51 6 0.31* 55.74 6 0.28* 60.36 6 0.22*
* p < 0.005.
TABLE II. Elements Present in Surface Chemical Composition Expressed as Percentages (Mean 6 Standard deviation)
Energy dispersive X-ray
spectroscopy
surface analysis C % Al % O % Zr %
Control (n ¼ 8) 19.7% 6 0.8% 4.3% 6 0.9% 12.6% 6 0.5% 60.2 6 0.7%
Pores (Group A) (n ¼ 8) 8.4% 6 0.42%* 2.3% 6 0.3%* 16.8% 6 0.2%* 69.3% 6 0.15%*
Grooves (Group B) (n ¼ 8) 1.6% 6 0.35%* 1.16% 6 0.2%* 18.1%6 0.12%* 78.3% 6 0.2%*
* p < 0.005.
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the material are very poor, the surface becomes charged
and an ultraintense ‘‘quasielectrostatic’’ field between the
free electrons and the ions is created. This electrostatic
force may become greater than the binding force among of
the ions and drag them out of the solid. This mechanism is
known as Coulomb explosion and is a purely nonthermal
process. Because the typical times for coupling between the
electronic subsystem and the lattice are longer than some
picoseconds, the material is removed before any transfer of
energy to the lattice become relevant. Therefore, we should
not expect any collateral effect related to heat conduction as
it is usual when processing with conventional lasers (nano-
second or longer pulses).
It is worth noting that because the ionization is achieved
quickly within the pulse duration, the detached electrons
can still absorb energy from the laser pulse in the presence
of the lattice atoms and ions by means of inverse Brems-
strahlung mechanism.53 This absorbed energy is radiated by
the plasma of electrons and contributes to raise the temper-
ature of a deeper surface layer by electron heat diffusion to
a value close to the thermodynamic critical temperature giv-
ing rise to a phase-explosion process.
This is a thermal process that becomes more relevant as
the pulse energy or number increases. However, the process
is still very fast and most of the energy transferred to the
material is transported by the ablation products. So far, the
region adjacent to the ablation zone affected by heat is re-
stricted to a few microns, depending on the pulse
energy.54,55 The laser-processing parameters used in our
work to produce the desired microstructures was not able
to induce several thermal damage on the material.
CONCLUSIONS
We have reported that femtosecond laser microstructuring
of zirconia implants gives rise to an increase of the rough-
ness and the removal of contaminants incorporated in previ-
ous stages of manufacturing. These features have promise
for improve the biocompatibility of the implant. Additionally,
analysis of the processed surfaces by X-ray diffraction and
Raman spectrometry show that the material surrounding
the microstructures does not exhibit phase transformation
as a result of an eventual strong thermal load.
These results and the understanding of the physical
mechanisms leading to ultrafast laser ablation open a
window of opportunities for this technique in the field of
microstructuring dental implants. Further biological and
FIGURE 8. Two-dimensional and 3D comparative images of surface roughness (a). Two-dimensional image of grooves versus control group (b).
Three-dimensional reconstruction of grooves (c). Two-dimensional image of pores versus control group (d). Three-dimensional reconstruction
of pores. [Color figure can be viewed in the online issue, which is available at www.wileyonlinelibrary.com.]




Zirconia control (n ¼ 1) 4.32
Zirconia pores (Group A) (n ¼ 1) 1.94*
Zirconia grooves (Group B) (n ¼ 1) 1.72*
Monoclinic fraction expressed as percentage after five measures by
implant (mean average).
* p < 0.005.
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mechanical tests—currently in progress—should demon-
strate the degree of benefit of this technique when com-
pared with conventional methods.
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